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Abstract

Using photoemission intensities and a detection system employed by many groups in the electron spectroscopy community as an example,
we have quantitatively characterized and corrected detector non-linearity effects over the full dynamic range of the system. Non-linearity
effects are found to be important whenever measuring relative peak intensities accurately is important, even in the low countrate regime. This
includes, for example, performing quantitative analysis for surface contaminants or sample bulk stoichiometries, where the peak intensities
involved can differ by one or two orders of magnitude, and thus could occupy a significant portion of the detector dynamic range. Two
successful procedures for correcting non-linearity effects are presented. The first one yields directly the detector efficiency by measuring
a flat-background reference intensity as a function of incident X-ray flux, while the second one determines the detector response from a
least-squares analysis of broad-scan survey spectra at different incident X-ray fluxes. Although we have used one spectrometer and detectior
system as an example, these methodologies should be useful for many other cases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction signal of the detector may cause undesirable effects in the
recorded spectra. Seah et[4}-3] have previously discussed
Electron detection systems are an integral part of any ex- methods for detecting non-linearity effects in photoelectron
perimental setup for electron spectroscopy. Any deviation spectroscopy counting systems for spectra measured with
from an ideal linear response in which the true electron flux laboratory X-ray sources. In this work, we develop methods
incident on the detector is not proportional to the response for correcting for such non-linearities in a fully quantitative
way.
Non-linearity is an ever-present concern in electron spec-
troscopy measurements. With laboratory X-ray excitation
| sources and solid samples, the differences between the high-
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periments on solids, intensity levels can even more easily becusing in particular on the response of the detector over the
found to exceed the linear response range of the detectionlow countrate region. We demonstrate two quantitatively ac-
systems. For example, several groups have observed noneurate correction procedures to correct for non-linearity ef-
linearity effects when using state-of-the-art photoelectron fects. The first one directly yields the detector efficiency by
spectrometers such as for example the Gammadata/Scientaneasuring a flat-background reference intensity as a function
series of spectrometes-10]. In this situation, non-linearity ~ of alinearly-varying incident X-ray flux, while the second de-
effects are likely to be present when high-cross-section peakstermines the detector response from a least-squares analysis
are excited with bright sources (e.g. undulators), or even moreof broad-scan survey spectra, each of which spans a consid-
so in resonant photoemission experiments during which pho-erable fraction of the dynamic range, obtained at different
ton energy is scanndd]. For example, prior work on multi-  incident X-ray fluxes. Although we have used one spectrom-
atom resonant photoemission (MARPE) by several groups eter system as an example (the Gammadata-Scienta SES200),
was strongly affected by non-linearity effects which pro- the methodologies presented should be applicable to a broad
duced irregularities in the size and shape of the measuredarray of situations.
resonances, with this effect arising through changes in the
inelastic background underneath the peak whose intensity
was being measurdgd—10]. 2. Experimental

More generally, the possible occurrence of non-linearity
effects should always be kept in mind whenever measuring 2.1. The detector system
relative intensities accurately is important, since it is not lim-
ited to resonance experiments. In fact, we have found for = We have performed our experiments using a Gammadata-
our example system that non-linearity effects are presentScienta SES200 spectrometer and detector system, as located
even when the exciting energy is far away from any reso- on the advanced photoelectron spectrometer/diffractometer
nance and the countrates are relatively low, of the order of situated at the Berkeley Advanced Light Souit& 15] The
a few kHz. Examples of measurements significantly altered detection system used is that provided by the manufacturer
by non-linearity effects occurring at low countrates include as part of the standard equipment, and is schematically
guantitative analysis of complex oxides via core level intensi- illustrated inFig. 1L A microchannel plate multiplier (MCP)
ties[11], relative intensities in angle-resolved valence spectra is followed by a phosphor screen at high voltage in ultra-high
[12] and dichroism measurements on ferromagnetic systemsvacuum (UHV), so as to convert charge pulses into visible
[13]. light pulses. A standard CCD camdi#], mounted outside

In this paper, we explore in detail these non-linearity ef- the UHV chamber and focused on the phosphor screen
fects using photoemission intensities as an example, and fothrough a glass viewport, is finally responsible for recording
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Fig. 1. Schematic illustration of the experimental geometry. The maximum active region of the detector (shown on the CCD camera monitor) includes 370
pixels along the energy axis and 240 pixels along the spatial axis, which is reduced to about 70,000 pixels via a rectangular window circumstribed by th
circular microchannel plates and mating phosphor. Both the energy and spatial axis can be gated to include only a specific rectangular porteetaf the de

The filling fractionsfg andfs along the energy and spatial axis respectively can be set via software. Note that a linear variation in the X-ray emission current
(at constant high voltage between filament and anode) results indeed in a linear increase in the flux of photons at the sample and thus of thedsgecttrons inc
on the front of the MCP. In fact, the sample-to-ground current (in turn proportional to the photon flux at the sample), as measured with a picoammeter and
recorded as a function of the X-ray emission current, has been found to track linearly with the emission current of the X-ray source at constegehigh vol
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the light pulses on the phosphor and therefore performing or perhaps BW-mode, discriminator/mask setting, MCP and
the actual event detection. We have operated the detectophosphor voltages).

primarily in the ‘greyscalé or “analogué (GS) mode in The fact that the full camera image cannot be stored for
which integrated CCD charge is used for counting, rather analysis prevents the most accurate corrections of the effects
than in the black-and-whit& or “digital modé (BW) in to be considered here. That s, only in the limit of using a sin-

which individual pulses are counted. However, we also gle pixel per detector channel can the actual per pixel coun-
present some results based on the BW mode. In the GStrate be obtained. However, we have dealt with this prob-
mode, the readout involves a measurement of the collectediem by gating the detector so as to have it count over only
charge in the pixel with an 8 bit analog to digital converter much smaller selected regions, as will be discussed further
(ADC). For the GS mode, the equivalent of the BW mode below.
discriminator is a digital mask that eliminates low-order The detector and analyzer can be run in two different
ADC bits in an attempt to discard spurious noise counts. modes, &fixed or snapshotmode as well as ditheredor
Further details have been reported elsewljdré]. With sweptmode. In the fixed mode, the analyzer settings deter-
any change in the discriminator levels or voltages across themine the linear kinetic energy distribution over the energy
MCP, the conditions under which the detector measures aaxis of the detector and are held constant. For a given set-
count are altered and the response function will be modified. ting fg, the detector will see a kinetic energy rangesaf
Unless otherwise explicitly specified, the detector has been(cf. Fig. 1) that is a maximum of about 10% of the mean
intentionally used as delivered and installed by the manufac- kinetic energy passed by the spectrometer. In this mode, the
turer, leaving its settings at their recommended value at setup per-channel counts, which are actually sums of spatial pixel
However, in what follows, we will explore the influences of counts, are simply stored directly as read from the detector.
changing some of these settings on non-linearity. By using only a narrow portion of the spatial axis over which
This detector is intrinsically two-dimensional. The nature the count-rate is nearly constant, the recorded counts may be
of the hemispherical energy analyzer to which the detector is trivially converted to a reliable per pixel countrate. For this
attached results in one pixel axis of the camera representingparticular case of data collected in the fixed mode, the cor-
the electron kinetic energy. The perpendicular axis, for our rection fromper-channekountsM to countrate per pixeh
purposes, simply represents multiplexed detection at each enis given by
ergy. These axes will be referred to as émergyandspatial M
axis respectively (cfFig. 1). The camera views the 40mm m = ——— (1a)
diameter circular phosphor screen, with the rectangle circum- TX fsx Ns
scribing this maximum active region of the detector including wherer is the total dwell or counting time of the spectrum.
about 370 pixels along the energy axis (a number we will refer Or, if we illuminate the detector with a uniform flux of elec-
to asNg) and 240 pixels along the spatial axis (a number we trons, therm can be obtained from the total countrate over
will refer to asNs). Within a square circumscribing the cir-  all channelsT via
cle, a maximum fractiong/4, of the pixels within the square T
will actually include the phosphor screen image, leadingtoa m = (1b)
maximum of approximately 378 240 x /4 ~ 70,000 pix- T fe x Nex fs x Ns
els available for counting in two dimensions when the camera wherer is again the total dwell or counting time of the spec-
views the largest fully-filled rectangular image. trum,Ng = 370 is the maximum number of active pixels along
The detector operates in a mode for which both the energythe energy-axidg is the fraction of the detector that is filled
and spatial axis can be gated to include only a specific rect-along the energy axi®ys = 240 is the maximum number of
angular portion of the detector in the final binned data: we active pixels along the spatial axis, dads the fraction of the
will refer to the fractional coverage along the energy axis as detector that is filled along the spatial axis (€fg. 1). Here,
fe and that along the spatial axis fas However, once these  we have assumed that the filled portion of the spatial axis
limits are selected, all counts for a given energy axis coordi- has essentially uniform countrate over the summed pixels. If
nate (i.e. a line of pixels along the spatial axis) are summed in this uniformity condition is not met, the efficiency may vary
hardware and only this binned sum is available for readout. significantly across the spatial axis of the detector, Bgd
This sum of spatial-axis pixels for a fixed energy pixel co- (1a)will give only some sort of average spanning a part of
ordinate is referred to asdetector channelwhereas a pixel  the dynamic range of the detector. The requirement of having
will refer to one pixel of the CCD camera. uniform illumination over the active area of the detector can
In order to provide a detailed description of the detector be experimentally achieved by using only a narrow portion of
response, the detected signal must first be processed from s¢he detector along both the spatial and energy axis. The region
typical distribution of total measured counts to a distribution of the detector over which counts are accumulated, indicated
of measured countratpsr pixel Once the detector signalhas via the percentage of each of the two axis over which count-
been acquired, the average countrate per pixel is computedng is permitted {g andfs, along the energy and spatial axis,
as a function of the true countrate per pixel, revealing the respectively), can be adjusted via software. A previous inves-
response of the detector for the current detector settings (GS4igation provided evidence that there is no significant change
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in the response function over any evenly illuminated surface current (in turn proportional to the photon flux at the sample)
of the detector, permitting us to much simplify the procedure was measured with a picoammeter and recorded as a function
for correcting spectrfi—6]. of the X-ray emission current, and thus also power since the

Normally, photoemission experiments are performed in a voltage has been held constant (&f. 1). This relationship is
ditheredor sweptmode that involves sweeping the kinetic found to be quite linear over the range of X-ray power used in
energy of the electrons accepted by the analyzer so that allthis study (5—300 W), with all quadratic or higher-order terms
energies in the final spectrum are accumulated in sequence byontributing less than 5% of the linear component within this
each channel in the detector. This is primarily done to allow range, as already shown in a previous investigdd$nr hus,
parallel detection channels to be used while eliminating the using either the sample current or the X-ray power as a mea-
channel-to-channel differences in the detector gain in the final sure of the true countrate introduces negligible differences in
spectra. For the dithered mode the correction from measuredhe final response function analysis.
per-channel countlsl to an average countrate per pixels
given by an equation similar t6q. (1a)

M 3. Results and discussion

"= T fex Ne @
3.1. The detection of non-linearity effects

wheret’ is the total time that each pixel has spent in counting
at each energy channel, as summed over the total number of |deally, the behavior of the detector as a function of the

sweep417]. true countrate should be completely linear. In this case, the
detector response would be describeg &g = ¢ x r, where

2.2. Experimental methodology for detector m(r) andr denote the measured and the true countrate per

characterization pixel respectively, and is a counting efficiency factor. The

constant would thus be equal to one in an ideal system, but

In order to determine the response of the detector, oneit is for us only necessary to know it to within some constant
needs to determine the measured countrate as a function ofactor. When the detector deviates from the ideal behavior, the
the true countrate. To accomplish this in the most direct way, detector response must be described by behavior, the detector
the true countrate, which is proportional to the number of response must be described by
electrons incident on the front face of the MCP, must be ad-
justed in a controlled manner while recording the measured m(r) = e(r) x r (3)
countrate at the detector. Once the detector signal has been
acquired, the average measured countrate per pixel is comwhereg(r) can be termed thefficiency functioror detector
puted as a function of the true countrate per pixel, revealing response functigrand it now depends on the true countrate,
the response of the detector for the used detector settings (G3eflecting the deviation from ideal behavior. In order to cor-
or BW mode, discriminator/mask setting, MCP and phosphor rect measured countrates into true countrates it is necessary
voltages). to determine the response function of the detector and invert

In this study, we have used electrons emitted during the Eq. (3) We note that since the signal is detected after being
photoemission process (photoelectrons) as a source of trugrocessed by the CCD camera, the values for the measured
countrates. Photoelectrons were provided by exciting with countrate (and, consequently, also for the true countrate) are
a standard laboratory X-ray source a Cu (1 10) single crys- not absolute, but are determined by the particular choice of
tal in an “as-is” uncleaned condition, i.e. containing a stable the detector parameters (for example, discriminator threshold
amount of contamination in the UHV environment of the settings). Before discussing the procedures for the quantita-
experiment. It is only important that the sample is in a sta- tive determination of this response function, we comment on
ble condition during the duration of the measurements. We a couple of straightforward ways ttetectnon-linearity ef-
have in the present study used a standard X-ray tube (un-fects by making use of survey spectra measured at different
monochromatized dual-anode Ab#Mg Ka, Perkin—Elmer X-ray fluxes.

Model 04-548), which has a power supply permitting vari- In Fig. 2(a) we show broad-range survey spectra collected
able emission power which can be adjusted in 1 W steps atin the dithered mode from a Cu (1 1 0) sample, as excited by
fixed high voltage. Al Ka (hv = 1486.6 eV) radiation. These spectra span coun-

We note that there is a fundamental question as to whethertrates ranging from a few kHz ts 12 MHz, corresponding to
a linear variation in the X-ray emission current (at constant countrates per pixel in the rangex~ 1-240 Hz for the detec-
high voltage between filament and anode) results indeed intor active area we have used. For our conditions of gating the
a linear increase in the flux of photons at the sample and active portion of the detector vig andfg, the total number
thus of the electrons incident on the front of the MCP. We of active pixels is thus about 50,000, a number we will use
thus verified initially that the total electron current from the in estimating total maximum uniform countrates |ajte8].
sample tracked linearly with the emission current of the X- The same spectra are showrHig. 2(b) after they have been
ray source at constant high voltage. The sample-to-groundnormalized with respect to the X-ray fluxes. If the detector
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Fig. 2. (a) Broad-range survey spectra collected in the dithered (swept) mode from a Cu (11 0) sample, as excited(hy Alld86.6 eV) radiation. Some

more intense spectral features are labeled. Some weaker peaks result from a Ta clip at the edges of the Cu sample. The left ordinate here igateintegrated
assuming that 50,000 pixels count at the rate per pixel given on the right scale, and is this only appropriate to a situation of uniform illumireatieteofdr.

(b) The same spectra as shown in (a) after they have been normalized with respect to X-ray flux. The fact that the spectra do not lie on top of one another
provides unambiguous evidence for the presence of non-linearity effects.

were linear, all spectra iRig. 2(b) should lie on top of one  we plot the ratios of the uncorrected intensities of the indi-
another, butitis evident that they are not, with factors of up to vidual spectral points collected at values of the X-ray power
four separating them in the higher-intensity regions at higher set to 300, 200, 100, 50 and 25W and the intensity of the
binding energy (BE), as illustrated more quantitatively in the same spectral points in energy collected at 25 W. All inten-
upper inset showing the Cu 2p spectral region. Even within sities have been normalized by dividing by their respective
the narrow binding energy range of 0-120 eV (lower inset), X-ray emission currents, and the ratios are plotted versus the
there can be differences of a factor of 2—3. intensities of the relevant numerator spectrum. We note that

Another direct way to monitor non-linearity effects in the ratio plots are completely equivalent to plotting the ra-
electron detector systems makes use of “ratio plots”, as intro- tios of the efficiencies curves as a function of the measured
duced by Seah et dB], which consist of ratios of intensities  countrate. In fact, if two spectral points are recorded at two
in survey spectra measured at different X-ray fluxe&ign3, different emission currents related by a scaling fanfdrom
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Fig. 3. Ratio plots (cf[3]) of spectral intensities at a given kinetic energy and for different X-ray powers (equivalent to fluxes). The solid line indicates the
behavior of an ideal linear detector with unit efficiency. (a) is before correction, and (b) after correcamttyn 3.2 All points have been referred to the
lowest power of 25 W (a) and 10 W (b). After correction, the ratio plots look like horizontal straight lines lying on top of one another, as expectiedin an i
system. The deviation from a horizontal straight line shown for countrates approaching zero is simply due to the higher fractional statisiicey tinaeis

typical of a Poisson distribution.

Eqg. (3)we can write the ratio of the efficiencies as Although photoemission experiments are usually per-

e(n7) m(nr) m(nr)/nr formed in a dithered mode, this mode was not used here
= = ( ) 4) because the inherent averaging over the detector would be

e(r)  nxmir) m(r)/r detrimental to the analysis of the detector behavior. The ana-

which shows that this ratio is equal to the ratio of the inten- lyzer and detector were on the contrary run in a fixed mode.
sities of the two spectra normalized by the respective X-ray Here we stress the importance of having uniform illumination
emission currents at which they have been collected. Ideally, over the active area of the detector in order not to have sig-
the efficiency would have a constant value, so that the ratio nificant variations of the detector efficiency across the spatial
in Eg. (4)should be constant. The main effect observed in axis of the detector. This requirement was experimentally
Fig. 3is that the ratios of the efficiency of the detector in- achieved by setting via software the region of the detector
crease for measured countrates per pixel up to 60—70 Hz andbver which counts were accumulated equal to 20 and 40% of
decrease for countrates per pixel greater than 90 Hz, while inthe spatial and energy axis, respectively. The use of a feature-
an ideal system one would expect these curves to be horizondess region of the spectrum (for example, for the Cu (110)
tal straight lines lying on top of one another, most simply of sample shown iffrig. 2a, suitable regions would correspond
value unity, as shown in the figure. to the binding energy ranges 134.6—-164.6 and 850-900 eV)

We now consider two different methods for determining along with the use of a gated (40%) portion of the energy axis
the response function of the detector and correcting non-allows one to be able to measure several detector channels at
linearity effects. The first method directly yields the response the same time providing better statistics. The countrate per
function by measuring a flat-background reference inten- pixel can then be derived frofaqg. (1a) For some of our
sity as a function of incident X-ray fluxes, while the sec- measurements, a similar flat region in the spectrum from a
ond method determines the response function from what isLag 7Srh.3MnO3 sample was used in order to achieve higher
effectively a least-squared-fit analysis of broad-scan surveyintensities, as discussed in more detail below.

spectra taken at different incident X-ray fluxes. Once the detector signal has been acquired and converted
to countrate per pixel, this method yields directly the response
3.2. Correction method 1: measurement of function of the detector as a function of the X-ray emission
flat-background reference intensity as a function of current or power, which is in turn proportional to the true
incident X-ray flux countrate, as discussed before. By changing the operational

mode of the analyzer (e.g. pass energy and slit size) of the
The most obvious way to determine the response function analyzer, it was possible to derive the detector response in
of the detector is to record directly the measured countrate different regions of its dynamic range, thus permitting the
at the detector while adjusting the true countrate in a con- measurement of various portions of the response function
trolled manner. This is easily accomplished by measuring a of the detector, particularly the one corresponding to less
flat-background region in a spectrum from a sample with a than 5Hz per pixel. As previously shovi#-6], the only ef-
stable surface while varying the incident X-ray flux. fect introduced by changing the settings of the analyzer is
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simply a multiplication of the true countrate by a constant Note that we generally do not know the point (if any) at
scaling factor. The nature of the scaling factor is immate- which the measured and true countrates exactly coincide. In
rial to this discussion, but it must be compensated for in Fig. 4, we have arbitrarily set the true countrate scale so that
order to properly and self-consistently determine per pixel the measured and true countrates are the same for count-rates
countrates. approaching zero, with the asymptotic behavior of the mea-
Within each setting of the detector operational mode (e.g. sured detector response as the true countrate goes to zero
GS or BW) and other detector and analyzer settings, the X-raybeing a straight line with slope equal to unity. This choice is
power was varied in the range 5—-300 W (at fixed constant volt- of course equivalent to set the efficiency equal to unity at zero
ageV=12.5kV). We first combined several measurements of true countrate. It is important to realize that this choice is ar-
different portions of the response function corresponding to bitrary, and that it does not affect the results of any correction
different operational mode settings into an overall measure- we make.
ment of the GS mode response function up to a measured rate Fig. 4 shows that the detector responds with significant
of about 70 Hz per pixel (corresponding to a maximum to- deviations from the ideal linear behavior describedHuy
tal countrate over all energy channels of 3.5 MHz), as shown (3), even at very low countrateghis type of non-linearity for
in Fig. 4. The data shown ifrig. 4 have been taken with a  low countrates can approximately be described as a quadratic
Lag.7Srh.3MnO3 single crystal (containing a stable amount of deviation from linearity, as previously observed for this par-
contamination in the UHV environment of the experiment) ticular detector in both GS and BW modéds6]. In particular,
and photoelectrons emitted from a featureless region with BE an inspection ofig. 4b) shows that the detector starts al-
range 440-480 eV. This was done to obtain a measured rate ofeady to deviate from an ideal behavior at 0.5 Hz per pixel
70 Hz per pixel, e.g. higher than the 35-40 Hz per pixel which or a maximum countrate of 25 kHz. If we quantify the devia-
could be obtained from the Cu (1 1 0) sample, k§. 2a). tion from linearity as ird = [m(r) — r]/r x 100, these data
show thatd = 19, 29 and 40% for measured countrates equal
to 1-3 Hz per pixel, respectively.

Detector response--Method 1 Once the detector response function is determined, only
0] a simple interpolation algorithm is needed to inved. (3)
1 @ OOO S0 as to express the true countrates as a function of the mea-
i o sured countrates. It should also be noted that only after a
_ 50+ Ooo spectrum has been corrected from measured to true countrate
% i ] L is a photon flux normalization appropriate.
T ] & Finally, we show inFig. 5 the same spectral compar-
"é’ 30 OOO isons as inFig. 2b), but with and without the correction
20 applied: it is clear that all normalized spectra for different
] fluxes coincide to a high accuracy (within 4.5% for all data
10+ points) after correction. Alsd;ig. 3(b) makes the same point
0 via the ratio plots. In fact, after correction, the ratio plots
.0 . 5 10 15 20 look like horizontal straight lines lying on top of one an-
r(HzI'p) «X-ray Power other, as expected in an ideal system. The deviation from

a horizontal straight line shown for countrates approaching
zero is simply due to the higher fractional statistical uncer-
tainty that is typical of a Poisson distribution, which scales
as the inverse of the square root of the counts. These re-
sults thus provide unambiguous evidence that the above-
described procedure yields the correct determination of the
response function and is effective in correcting non-linearity
effects.
Nevertheless, an inspection Bfgs. 3b) and 5 reveals
a minor inconvenience of this method. It has been possi-
ble to correct over the whole binding energy range only
[ i the spectra taken with X-ray powers of less than 50 W at
0 05 10 15 20 25 3.0 most, corresponding to a maximum countrate@0 Hz per
r(Hz/p) - X-ray Power pixel or ~3.5 MHz maximum total countrate over all pix-
els. The cause for this limited range lies in the impossi-
Fig. 4. (a) The detector response measured via the correction procedure Ofbility of finding a suitable featureless region in the spec-

Section 3.2Note the “quadratic” deviation from linearity at low countrates. t h trate is hiah htob ble to drive th
(b) The detector response function for very low measured countrates (less ra whose countrate 1s high enough to be abie 1o drive the

than 3 Hz per pixel). Note that non-linearity effects are already present at d€tector over a wider dynamic ran@9]. Moreover, the
measured countrates as low as 1 Hz per pixel. necessity of adjusting in a controlled manner the incident
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Fig. 5. The same spectra shown in Fig 2(b), but compared before and after detector non-linearity correSatione3.2In (a), the full spectra are shown,
and in (b) certain blowup regions. Note the limited power range possibleSeittion 3.2going only up to about 70 Hz/pixel as measured.

X-ray flux can in principle impose stringent requirements changing different operational mode settings into an over-
on existing experimental setups. For example, standard X-all measurement of the GS mode response function can be
ray tubes are not necessarily equipped with a power supplytime-consuming. As an example, the collection of the several
which allows quasi-continuous variation of the emission X- data sets combined ifig. 4took about 24 h. These considera-
ray power (at constant voltage) with a stepsize as small as ations have motivated the development of an alternative proce-
few watts. Finally, combining several measurements of dif- dure for correcting non-linearity effects that we now describe
ferent portions of the response function of the detector by below.
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3.3. Correction method 2: analysis of broad-scan survey
spectra at different incident X-ray fluxes

The possibility to develop a new correction procedure was
initially triggered by observing that a single broad-scan spec-

53

As in our treatment of the first method, we have arbitrarily
set the measured and true countrates to be the same at coun-
trates approaching zero, which corresponds via this limit to
setting the arbitrary valua; = 1. This still leads to a com-
pletely general result for the response function, since the true

trum can provide in a single measurement a highly dense setand measured counts can differ by an arbitrary factor. From

of measured countrates. For exampiig. 2(a) shows that the
survey spectrum taken with the power set to 300 W vyielded
in a few minutes a distribution of measured countrate ranging
from 0 to 240 Hz per pixel. The possibility of determining the

detector response function from an analysis of survey spectra

is thus appealing since it permits sampling a wide portion of
the detector response in a relative short amount of time.
To make this idea more quantitative, consider a sét of

survey spectra measured on the same sample, but with differ-

entincident fluxes = ng, ny, .. ., Ny, as shown irFig. 2a).

For the case of data collected in the dithered mode, the one
used to acquire the broad-scan survey spectra, the correction

from per-channel count-rafd to count-rate per pixeh is
given byEg. (2) When expressed in countrate per pixel, the

survey spectra provide a distribution of measured countrates,

m = m(n;, E) for a given X-ray fluxn; and kinetic energy
Ex of the photoelectrons.

The true countrates per pixgln;, Ex) for a given X-ray
flux and kinetic energy of the photoelectrons can now be ex-
pressed as a polynomial expansion of ofélef the measured
countrates per pixeh(n;, Ex) with real coefficients;

P

r(n;j, Ex) = Zai X mi(nj, Ey)
i=1

®)

Here, we have set the coefficiegt(which represents the dark

Eq. (7)we then have with trivial rearrangement another sys-
tem of equations

m(nj, Ex)  m(ni, Ey)
n; ni
B
P . .
~ [m’(nl, B mi(n, Ek)} .
= i
i=2 1 nj T
C
Vi=23,..,N ®)
Vk=1,2...0

In the matrix and vector notation introduced abokés a P

— 1) long column vectoB is aQ x (N — 1) long column

vector, andC is aQ x (N — 1) by (P — 1) matrix. Thus,

in the ideal case for which there is no statistical error in the
experimental dat&8 — CA=0, and itwould represent an over-
determined set of equations for determining the coefficients
a.
For the actual case with statistical variations in the data,
Eq. (8)thus describe an over-determined systei@ of (N —

1) linear equations in the unknowR ¢ 1) coefficientsy;’'s

that can be solved for maximum likelihood by minimizing

B — CA|?, i.e. solving thenormal equationof the linear

current background in the absence of any excitation) equal|east-squares problem

to zero, as this background is often negligible or can simply

be measured and subtracted from all the measurements, buv4|B — CA|? = 2CTCA — 2C"B =0

one can simply extend the summation to the Oth order term if

9)

necessary to include this. The determination of the responsewhere the superscriftdenotes the transposition operation.

function and the correction of non-linearity effects are thus
reduced to the computation of the unknown coefficiegits

The normalizedtrue countrates do not depend on the in-
cident flux, such that we can write

r(ns, B r(nj. E)
ni o

(6)

nj

FromEgs. (5) and (6)we can thus write out a system MIf
— 1 equations as

1F ' 17 ‘

— Zai x m'(n1, Ex) = — Zai x m'(nj, Ex),
ni <= nj; —
i=1 i=1

{ Vji=23,..,N

Vk=1,2 .0 0

The polynomial coefficients embeddedArcan be obtained
by standard methods such as the LU decomposition or simple
matrix inversion20] as
A=(CTc) ' xCTB (10)
where CTC) is asmall P — 1) by (P — 1) matrix. For better
numerical precision in the matrix inversion, we have rescaled
the measured countrates per pixetb vary from 0 to 1. Note
that this overall approach is analogous to fitting the assumed
polynomial form to the experimental data via a least-squares
criterion. In practically implementing this scheme, we find
that including powers up tB ~ 12 is necessary. The values
of the other parameters for the results shown in this work are
N =7 andQ = 2400.

We have applied this fitting procedure to all the data points
belonging to the survey spectra showrFig. 2(a). The de-

whereQ denotes the number of equally-spaced kinetic energy tector response function has in this way been determined for

values used to collect the spectra.

measured countrates up to over 250 Hz per pikal.(6(a)),
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Fig. 6. Comparison of the detector response determined with correction methods 1 and 2. In (a), a broad range going up to above 300 Hz/pixel is shown, an
in (b) only the more limited region in which the two methods overlap.

approximately a factor of 4 higher than the range accessed3.4. Further considerations

by the first methodFig. 6(b) also shows that there is ex-

cellent agreement between methods 1 and 2 over the much The correction procedures applied above clearly demon-
narrower range covered t8ection 3.2We stress that in or-  strate successful and consistent methods for dealing with a
der to be able to inverEq. (3) so as to determine the true non-ideal behavior in the response function of the detector.
countsr, the relationshipm versusr must be a one-to-one  Maintaining a uniform illumination over the active portion
mapping. of the detector screen is an essential condition for the ef-

There is some deviation from a simple smooth curve in fectiveness of both of the correction procedures described
Fig. 6(a) above measured rates of approximately 260 Hz perabove. It should also be noted that there are alternate ver-
pixel. This is simply due to the limited number of data points sions of the Gammadata/Scienta hardware that do allow full
with countrate per pixel greater than the 250 accessible bytwo-dimensional images to be retained in both energy and
our measurements. However, the smooth dashed curve in thispace and read out from the electronics interface. With these
region should permit correcting even up to about 325Hz systems, it should be possible to apply the correction pro-
per pixel, corresponding to a total maximum countrate of cedure developed here with even greater precision than that
16.25 MHz. demonstrated here.

We show inFig. 7the same spectra ashig. 2(b), butagain We have also successfully applied both correction proce-
comparing spectra with and without the correction procedure dures described above with variable photon flux provided by
applied, this time vi&gection 3.3All normalized spectra for ~ synchrotron radiation. In this particular situation, the varia-
different fluxes coincide to a high degree of accuracy (within tion in the photon flux at the sample can be monitored by
atmost 6% for all data points) over the entire range of the mea-recording the natural decay of the ring current (although this
sured countrates accessed by the spectra shotigirX(a). does not normally allow for more than a factor of 3 or so
This second correction procedure is thus very effective in change in flux), or by changing the entrance (or exit) slits of
correcting non-linearity effects and yields the correct deter- the beamline while measuring either the photon flux along
mination of the response function for measured countratesthe beamline with a conventiondly” mesh or more directly
extending to 250Hz (or even 300 Hz) per pixel, approxi- the sample-to-ground total-electron-yield current. However,
mately a factor of 4 higher than the range accessed by thewe point out that caution should be exercised to insure that
first procedure. changing the slits does not change the ratio between the beam

Finally, we show inFig. 8the ratio plots shown ikig. 3, spot size at the sample and the actual sample area seen by the
but with the second correction procedure applied. After cor- spectrometer, otherwise a linear variation of the photon flux
rection, the ratio plots look like one would expect in anideal atthe sample may notresultin alinear increase of the number
system, with the curves being horizontal straight lines lying of electrons incident on the front of the MCP.
on top of one another. We stress that non-linearity effects should always be kept

We suggest that this procedure will be particularly in mind for any case where measuring relative peak inten-
useful for existing experimental set-ups, such as thosesities accurately is important. As one illustration of this, we
with standard X-ray tubes equipped with a power sup- show inFig. 9the same spectra presented-ig. 2(a) after
ply which can allow only a few X-ray emission current the correction procedure has been applied. The overall coun-
settings. trateM and the countrate per pixet now range from 0 to
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Fig. 7. AsFig. 5but with correction vigsection 3.3- maximum likelihood fitting of a polynomial to broad-scan spectréBga. 5-10Note the similarity with
Fig. 5indicating that both correction procedures coincide and are effective in correcting for non-linearity effects. Note also the much broadegpdarer ran

Section 3.3

3MHz and 60 Hz, respectively, that is, a factor of 4 less in a full range of+9%, while before the correction it shows a
range than before the correction has been applied. As a morestrong X-ray flux dependence and a value ranging from 1 to
concrete example of how quantitative analysis could be af- a little over 2.

fected,Fig. 10shows the ratio of the intensities of the Cu 2p As a final point, we note that all of the data reported to
and Cu 3s core level spectra, after taking into account dif- this point have been obtained with the detector intentionally
ferences in photoelectric cross section, electron attenuationused as delivered and installed by the manufacturer, leaving
lengths, and the transmission function of the analyzer, so asits settings at their recommended values at setup. We also
to effectively be taking a ratio of the Cu atomic density via note that several other groups appear to have encountered
two different spectra from the same atom. After the correc- the same type of non-linearity with these standard settings
tion, as expected, this ratio is constant and equal to 1 within [7—9]. According to the manufacturer’s recommendations, a



56 N. Mannella et al. / Journal of Electron Spectroscopy and Related Phenomena 141 (2004) 45-59

Before correction After correction
(b) -Method 2

25- X-ray
power
= 300
e 200

100

Ideal
1_&%.!&!......- ..... R

50 100 150 200 250 0 20 40 60 80 100
m (Hz/p) r (Hz/p)

Intensity @ Energy E, & Power P
Intensity @ Energy E, & Power 25 W

) r.v'-
v
—

Fig. 8. As Fig 3, but with spectra compared (a) before and (b) after detector non-linearity correcti@tticn 3.3

too-low discriminator level introduces noise, while atoo-high in fact pointed out that the discriminator setting in a detector
discriminator level influences the detection efficiency of low very similar to ours can be used to improve linearity in certain
intensity signals and therefore modifies the linearity of the countrate ranges, although this procedure is not expected to
intensity scale. The manufacturer recommends setting theeliminate non—linearity effects over a broad countrate range,
discriminator by minimizing the dark counts; making sure especially in GS operation due to the nature of this mode. In
that the dark counts are barely visible is thus thought to en- order to investigate whether an improper adjustment of the
sure that the discriminator is not set too high. As we discuss discriminator level on the detector could be held responsible
immediately below, we have in fact as part of this study var- for the non-linearity effects here reported, we thus studied the
ied both the discriminator setting and the phosphor and MCP response function for various detector discriminator settings
high voltages, but the general type of non-linearity discussedin both the GS and the BW modes. Making use of the first
here persists. method described above, we determined the response func-
We thus now address the question of whether it is possi- tions corresponding to six different settings of the discrimi-
ble that the non-linearity effects so far observed are related tonator, with the results presentedhig. 11 We deliberately
poor settings of the discriminator level. Seah eflat3] have used values for the discriminator setting (here reported as
numbers in arbitrary units) lower and higher than that set by
the manufacturer, which was equal to 314, so as to investigate

—_—
N . . .
T 4 what the effect of increasing or decreasing the threshold level
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Fig. 9. The same spectra ashig. 2a after they have been corrected via
Section 3.3Note in particular that the maximum countrates per pixel or as Fig. 10. The intensity ratio of the Cu 2p and Cu 3s core level spectra after
integrated over all pixels after correction are a factor of 4 less than before allowing for the different photoelectric cross sections and electron inelastic
the correction. The integrated total countrate assumes 50,000 active pixelsattenuation lengths, as well as the transmission function of the analyzer, so
uniformly illuminated, and may be optimistic in estimating maximum coun- as to yield a number that should in principle equal unity. Note the strong
trates achievable with this detector in the sense that spectra often have highflux dependence of the ratio for the case of non-corrected spectra, a clear
countrate peaks well above background. indication of the presence of non-linearity effects.
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Fig. 11. The effects of changing the discriminator setting on the detector response function for the grey scale mode (a) and the black-and-Wwhi#limode (
curves here show significant deviations from linearity.

would be. Itis evident from an inspectionfeify. 11that there dm/dr. Consistent with our prior analysis, we have arbitrar-
is no value for the settings that we tried that yields the correct ily set the true countrate scale so that the measured and true
linear behavior over the entire countrate range accessed bycount-rates are the same for countrates approaching zero. The
our measurements. For the particular case of the GS modenon-linearity affecting these response functions is evident: in
the discriminator settings which would allow one to mea- an ideal case, these plots should be straight lines with zero
sure spectra with quasi-linearity are those corresponding toslope. Therefore, these results indicate that it is generally un-
the values 300, 314 and 330, centered on the manufacturer'dikely that different discriminator settings would eliminate
recommended setting. Outside of this range, for the value non-linearity effects for this particular detection system over
equal to 264 we obtained a multi-valued response function, a broad range of measured countrates normally accessed by
while for values equal to 364 and 414 the dark counts are sotypical photoemission measurements. Nonetheless, the set-
high that they would constitute an unacceptable noise levelting of 330 in this figure is somewhat better than the 314 of
in the recorded spectra. For values equal to 300, 314 and 330the standard setup, even though it still shows a slope change
all three response functions show quadratic behavior at low of about a factor 3 over the range studied.
countrates, as already pointed out before. In order to better Beyond this, exploring optimum settings for detector high
quantify the deviation from an ideal linear behavior, we show voltages, phosphor high voltages, and discriminators on our
in Fig. 12(for the particular case of the GS mode) the detec- detection system is part of routine optimization of this de-
tor responses corresponding to the discriminator values settector, an operation performed approximately once a year on
to 300, 314 and 330 after they have been differentiated, i.e.our system in collaboration with the manufacturer’'s engi-
neers. We have recently verified that, just after re-optimizing
(and in fact increasing) the MCP voltage, the detector still

14 shows the same type of non-linearity, both qualitatively and
12; 1 Greyscale quantitatively.
| The detector response has also proven to be very stable
10 2 l —A—300] ) over time. We obtained excellent reproducibility of the de-
» | # 314} e S tector response (and hence correction procedure) even after 1
) A —— 330 , :
£ 8 z yeatr, thus suggesting that the correction procedure does not
T 6‘ have to be derived more often than once every six months or
| f 7y so, provided that the system is always operated at the same
4 sj UHV conditions and the focus of the CCD camera is not
18.F changed.
2 &F Ideal Although a precise determination of the true source(s)
A s e of the non-linearity in this particular detector is beyond the
0 10 20 30 40 50 60 scope of our paper, we briefly comment on the possible causes
r (Hzpp) for the non-linearity effects we observe, first at high coun-

Fig. 12. The derivative of the detector response dm/dr obtained in the grey- trates and then atlow countrates. Saturation of the detector at

scale modeKig. 11a) corresponding to the discriminator values of 300, 314 high countrates occurs most likely begause of photon “pile-
and 330. If the detector were linear, these should be horizontal lines. up” atthe phosphor plate and/or saturation ofthe CCD camera
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due to its maximum sampling rate. The photon “pile-up” at tems. The first one directly yields the detector efficiency by

the phosphor occurs when the decay time of the phosphor ismeasuring a flat-background reference intensity as a function

not sufficiently fast; for the phosphor used in our system the of incident X-ray flux, while the second one determines the

decay time is 1@s, and thus we can estimate that pileup in detector response from a least-squares analysis of broad-scan

a given pixel will begin to occur at about ten times the phos- survey spectra at different incident X-ray fluxes. To illustrate

phor decay time or the equivalent rate of H¥ per pixel, our correction procedures, we have characterized the detec-

a value which is much higher than any countrate measuredtor response over a broad dynamic range of a state-of-the-art

in our work. The saturation of the CCD cameral is clearly electron spectrometer system (Gammadata/Scienta SES200),

shown inFig. 11b for the spectra taken in black-and-white using photoemission intensities as an example. Although we

mode with the discriminator set to 364 and 414; in fact, for have studied only one spectrometer and detection system, our

this particular model saturation occurs at 30 Hz per pixel (in conclusions and general methods for determining and cor-

black-and-white mode) since this is the CCD sampling rate. recting for non-linearity are useful for many other cases. For
It is not clear at the moment what the precise cause of the particular case studied here, our results demonstrate the

the quadratic non-linearity at low countrate is, even though occurrence of “quadratic” non-linearity effects which affect

our investigation suggests that the most plausible source ofthe detector response function at even very low countrates,

these effectsis the CCD camera. Atoo-low MCP high voltage far from saturation. Such non-linearity effects should thus al-

would cause the gain to change sensitively as the flux changeways be kept in mind for any case where measuring relative

giving rise to non-linearity effects. Nonetheless, we rule out peak intensities accurately is important, even at low coun-

a too-low MCP high voltage as a cause for the quadratic trates. Our results indicate that changing the discriminator

non-linearity, since after increasing the MCP the same non- settings does not eliminate these non-linearity effects, nor

linearity effects are found, as explained above. does adjusting the voltage across the multichannel plates.
It has been suggested that a change in the CCD camerdrinally, this study points out the importance of developing

might improve the behavidP1] of the detector, and thisis new detectors with a linear behavior over the entire coun-

a direction for future investigation. Plausible causes for the trate range accessed by typical experiments in electron spec-

non-linear behavior at low countrates are CCD dark signal troscopy.

and CCD pattern noise. The first one is caused by some leak-

age currents which would produce charge in some of the

pixels. It is expected that changing the discriminator values

would suppress this source of noise, but our measurementg\cknowledgement

(cf. Fig. 11) reveal that for different discriminator settings

non-linearity effects are always present. CCD pattern noise  1his work was supported by the Director, Office of Sci-

refers to any pattern of counts (e.g. hot spots) which does notence, Office of Basic Energy Sciences, Materials Science and

change significantly from frame to frame and, thus, even if Engineering Division, US Department of Energy under Con-

not properly a random noise, can produce a dark signal-like fract No. DE-AC03-76SF00098.

background, however differing from random noise in that it

would be dependent on the specific location of the CCD pix-

els used. As already noted above, we do not find any evidenceReferences

on heterogeneity in the behavior of the pixels from one part

of Fhe detector to another, thug suggesting tha’_[ CCI_D patttern (1] MP. Seah, M. Tosa, Surf. Interface Anal. 18 (1992) 240.

noise cannot be held responsible for the non-linearity. From (2] m.p. seah, Surf. Interface Anal. 23 (1995) 729-732.

our investigation we conclude that most likely the cause of [3] M.P. Seah, I.S. Gilmore, S.J. Spencer, J. Electron Spectrosc. Re-

the non-linearity is the inherent use of a CCD camera, since  lat. Phenom. 104 (1999) 73-89, The methods to check for linearity

such devices are well known to be non-linear devi@, is described as ISO 212702003“Surface chemical analysis — X-ray

. . . . . : photoelectron spectrometers and Auger electron spectrometers — lin-
with the determination of the precise cause being object of earity of intensity scale”

future investigation. [4] AW. Kay, Ph.D. dissertation, UC Davis, 2000.
More generally, this study constitutes a motivation forim-  [5] AW. Kay, S.-H. Yang, E. Arenholz, B.S. Mun, N. Mannella, Z.

proving existing detectors and developing new detectors that ~ Hussain, M.A. Van Hove, C.S. Fadley, J. Electron Spectrosc. Relat.

overcome problems related to non-linearity effects over much ___ Phenom. 114 (2001) 1179-1189.
Iarger countrate ranges [6] A.W. Kay, F.J.G. de Abajo, S.-H. Yang, E. Arenholz, B.S. Mun, N.

Mannella, Z. Hussain, M.A. Van Hove, C.S. Fadley, Phys. Rev. B
63 (2001) 115119.
[7] M.G. Garnier, N. Witkowski, R. Denecke, D. Nordlund, A. Nilsson,
4. Conclusions M. Nagasono, N. Nrtensson, A. &hlisch, Maxlab Annual Report
for 1999. Lund, Sweden, and private communication.

[8] A. Nilsson, R. Denecke, et al., private communication.
We have developed two procedures for accurately cor- [9] A. Kikas, E. Nommiste, R. Ruus, A. Saar, |. Martinson, Solid State

recting non-linearity effects in detectors for electron spec- Communications 115, (2000) 275, and A. Kikas, private communi-
troscopy that should be applicable to a broad range of sys-  cation.



N. Mannella et al. / Journal of Electron Spectroscopy and Related Phenomena 141 (2004) 45-59 59

[10] M. Finazzi, N. Brooke, private communication; G. Paolucci and K.
Prince, private communication.

[11] N. Mannella, Ph.D. Dissertation, UC Davis, 2003.

[12] I.-D. Chang, D. Dessau, private communication.

[13] P. Wernet, N. Mannella, B. S. Mun, S.-H. Yang, C. S. Fadley, un-
published results.

[14] N. Martensson, P. Baltzer, P.A. @wiler, J.-O. Forsell, A. Nilsson,

A. Stenborg, B. Wannberg, J. Electron Spectrosc. Relat. Phenom. 70
(1994) 117.

[15] C.S. Fadley, et al., J. Electron Spectrosc. Relat. Phenom. 75 (1995)
273.

[16] Manifactured by Sony, model XC-77 E72675, DC 10.5-15, vol. 2.2
W.

[17] The time 7' is a little more complicated to calculate, but if the
active detector window in kinetic energy é& (cf. Fig. 1), then the
smallest reasonable step in kinetic energy (or equivalently energy
channel width) will be & = 8E/(feNg). If the spectral region to
be scanned iAE in width, (where AE is usually > §E), then, in
order to have each detector pixel contribute equally to each energy
channel, the detector has to be scanned over a rangeEof SE,
involving a maximum no. of energy stefis= (AE + 3E)/dE = (AE
+ SE)feNg/SE. If the actual accumulation time at each energy step

is 37, not including any time necessary for the saving of data and
settling in of the power supplies, and the spectrum is swept F times,
then the total timer’ to accumulate a swept-mode spectrum will
be v = FSSt. If, as is often the case, a certain number of detector
energy channels is binned together to make a final spectral energy
channel of widthadE, wherex > 1 and need not be an integer, then
the number of energy steps is reducedSte= S« and the total time
becomest’= FSSt/a.

[18] The filling fractionsfg and fs along the energy and spatial axis

have been set to 0.8 and 0.7, respectively. Consequently, one has
0.83700.7-240 ~ 50000 as a conversion factor between countrate
per pixel and overall maximum total countraf&+), provided the
detector sees a uniform illumination (sEeg. (1b).

[19] Changing the sample could help in some cases, even though it is

unlikely to find a featureless region which can provide countrates as
high as 240 Hz per pixel.

[20] W.H. Press, S.A. Teukolsky, W.T. Vetterling, B.P. Flannery, Numer-

ical Recipies in C: the art of scientific computing, second ed., Cam-
bridge University Press, 1992.

[21] P.D. Johnson, private communication.
[22] Y. Reibel, M. Jung, M. Bouhifd, B. Cunin, C. Draman, Eur. Phys.

J. AP 21 (2003).



	Correction of non-linearity effects in detectors for electron spectroscopy
	Introduction
	Experimental
	The detector system
	Experimental methodology for detector characterization

	Results and discussion
	The detection of non-linearity effects
	Correction method 1: measurement of flat-background reference intensity as a function of incident X-ray flux
	Correction method 2: analysis of broad-scan survey spectra at different incident X-ray fluxes
	Further considerations

	Conclusions
	Acknowledgement
	References


